Secretory proteins are subjected to a stringent endoplasmic reticulum-based quality control system that distinguishes aberrant from correctly folded proteins. The cytoplasmic peptide:Nglycanase cleaves oligosaccharides from misfolded glycoproteins and prepares them for degradation by the 26 S proteasome. In contrast to abundant in vitro data on its enzymatic function, the in vivo relevance of peptide:N-glycanase activity remains unclear. Here we show that the PNG1 ortholog from the filamentous ascomycete Neurospora crassa is an essential protein, and its deletion results in strong polarity defects. PNG1 and its predicted binding partner RAD23 have distinct functions in N. crassa and are involved in cell wall integrity and DNA repair, respectively. Moreover, wild type PNG1 has substitutions in essential catalytic amino acids, and its deglycosylation activity is lost. These substitutions are conserved in many PNG1 orthologs of the fungal kingdom, implying a so far unrecognized enzymeindependent function of PNG1 that may only become apparent in highly polar cells such as fungal hyphae.
Misfolded proteins of the secretory pathway are exported back into the cytosol and degraded by the 26 S proteasome by a mechanism called ER 2 -associated protein degradation (ERAD (1, 2)). It is thought that glycosylated ERAD substrates are subjected to deglycosylation by the cytoplasmic peptide:N-glycanase (PNGase). This pathway implicates a close functional interaction between the ER export machinery, deglycosylating enzymes, and the proteasome (3) . Two interacting proteins, Png1 and Rad23, are suspected to play important roles in maintaining a close interaction between the ER export machinery and the proteasome and in the deglycosylation process itself (4, 5) . Png1 is a highly conserved protein whose de-N-glycosylating activity has been determined in yeast (6, 7) (ScPNG1 in this study), animals (8 -14) , and plants (15) . Functional studies indicate that Png1 is the only deglycosylating enzyme acting on N-glycans in the cytosol, and yeast png1⌬ cells were found to have no detectable in vitro and in vivo PNGase activity (4, 6) . In addition, the genomes of Neurospora crassa and Saccharomyces cerevisiae do not contain obvious orthologs for another cytosolic deglycosylating enzyme called endo-␤-N-acetylglucosaminidase (16) .
Yeast as well as mouse Png1 binds Rad23, which in turn promotes a direct interaction of this complex with the proteasome. Deletion of yeast Rad23 or down-regulation of its animal/human orthologs results in the accumulation of ubiquitylated proteasome substrates (4) . Thus, Rad23 has been proposed to facilitate the substrate transfer to the proteasome. In addition to its assistance in protein deglycosylation, Rad23 forms a complex with Rad4 that recognizes and binds damaged DNA during nucleotide excision repair (17) .
Despite the evidence for the involvement of the Png1-Rad23 complex in proteasome-mediated protein degradation, the turnover of most ERAD substrates is not affected by inhibition of PNGase activity (4, 6, 18 -20) . Furthermore, deletion or down-regulation of Png1 does not result in any observable growth defect, raising questions about the significance of Png1 as an important enzyme in the proteolytic process in vivo. Unfortunately, no mutants in other systems but budding yeast have yet been described, thus precluding a more detailed analysis of Png1 function(s) in vivo.
Filamentous fungi share, along with neurons and pollen tubes, the distinction of being among the most highly polarized cells in nature (21) (22) (23) . Polarity in these organisms is established during spore germination, which results in the emergence of a highly polarized hypha that continues to grow by apical extension. Here we characterize PNG1 from the filamentous ascomycete N. crassa (designated NcPNG1) as being essential for establishment and maintenance of cellular polarity despite the fact that naturally occurring changes of critical residues within the catalytic center of NcPNG1 preclude any enzymatic activity of the protein. The substitution of these catalytic residues is conserved in many orthologs of the fungal kingdom, implying a so far unrecognized cellular function of PNG1 that is unrelated to protein deglycosylation.
EXPERIMENTAL PROCEDURES
Strains, Media, and Growth Conditions-Strains used in this study are listed in Table 1 (see also Ref. 24) . General genetic procedures for N. crassa are available at the Fungal Genetics Stock Center (FGSC). Vogel's minimal medium was supplemented with 1.5% agar, 2% sucrose, and 1% yeast extract. The final inhibitor concentrations for the growth assays were: 5 mg/ml lysing enzymes (Sigma), 0.02 M caspofungin (MSD Sharp & Dohme GmbH), 5 M polyoxin D (Kaken Chemical Co.), 0.05 M latrunculin A (Sigma), 0.1 g/ml bemonyl (Sigma), 50 g/ml hygromycin B (Calbiochem), 10 g/ml nourseothicin (Werner BioAgents), and 10 M MG-132 (Sigma). Sensitivity to DNA-damaging agents was determined by counting colonies produced on medium supplemented with 2% sorbose to induce the formation of tight colonies and 0.01% methyl methane sulfonate, 10 M camptothecin, or 10 g/ml 4-nitrochinoline-N-oxide (all from Sigma). Microscopic documentation of fungal hyphae or colonies was performed with an SZX16 stereomicroscope, equipped with a ColorView III camera and cellD imaging software (Olympus). Images were further processed using PhotoShop CS2 (Adobe).
Plasmid Construction-To generate the fungal expression vector, the nourseothricin resistance cassette was amplified using the primers (restriction sites underlined) 5Ј-GAA TTC GAA AGG CCG TCA GGA GCT G and 5Ј-GAA TTC TCA GGG GCA GGG CAT G-3Ј and pNV1 as template (25) and cloned via EcoRI in pBluescript SKII (Stratagene). The Aspergillus nidulans Pgpd promoter was amplified with primers 5Ј-GAT CAG ATC TTT TGC CCG GTG TAT GAA ACC GGA AAG G-3Ј, 5Ј-GTT AGC GGC CGC GGT GAT GTC TGC TCA AGC GGG G-3Ј, and pSM1 as template (22, 23) and inserted in BamHI-NotI digested vector. The png-1 genes were amplified using plasmids YEp352png-1 and YEp352png-1-1 that harbored wild type and C191A substituted ScPng1 (23, 24) or genomic DNA from N. crassa as template. The following primers were used: 5Ј-GCG GCC GCA TGG GAG AGG TAT ACG AAA AAA ATA AC-3Ј and 5Ј-GCG GCC GCC TAT TTA CCA TCC TCC CCA C-3Ј or 5Ј-GCG GCC GCA TGG CAG GAA ACA ATT CAG GG-3Ј, and 5Ј-GCG GCC GCT CAA GGT CCA TAC GTC GGC C-3Ј for ScPng1 or NcPNG1, respectively. The nourseothricin concentration was adjusted to 30 g/ml to select for transformants. N. crassa png-1 cDNA was cloned by reverse transcription-PCR with cDNA prepared from vegetative hyphae. The primers used were 5Ј-ATG GCA GGA AAC AAT TCA G-3Ј and 5Ј-TCA AGG TCC ATA CGT CGG-3Ј, respectively. Total RNA was obtained by TRIzol extraction (Invitrogen); cDNA was prepared using SuperScript III reverse transcriptase (Invitrogen) and subcloned into TOPO-TA vector (Invitrogen; designated TOPO-TA-png-1). In the process of generating full-length cDNA of png-1, we found that its open reading frame is 90 bp larger than the predicted gene at the BROAD data base. The insertion was amplified with the primers 5Ј-CGG AAT TCG ATG GCA GGA AAC AAT TCA GGG G-3Ј and 5Ј-CCC AAG CTT AGG TCC ATA CGT CGG CCA G-3Ј, containing the restriction sites EcoRI and HindIII, respectively, and cloned into pET28b vector (Novagen), resulting in pET-NcPNG1(His)6. Primers used for the mutagenesis of ScPng1 and NcPNG1 are listed in supplemental Table 1 .
To construct pRS423 GPD -NcPNG1 to express NcPNG1 in S. cerevisiae, N. crassa png-1 was amplified from TOPO-TApng-1 using the following primers, 5Ј-CAC Cat ggc agg aaa caa ttc agg-3Ј and 5Ј-cta CTT ATC GTC GTC ATC CTT GTA ATC agg tcc ata cgt cgg cc-3Ј (the second primer was designed to add a C-terminal FLAG tag), and was cloned into pENTR TM / D-TOPO (Invitrogen). To construct the destination vector, ccdB gene was amplified from pDEST14 vector (Invitrogen) using the following primers: 5Ј-cgg ata tct cAC AAG TTT GTA CAA AAA AGC-3Ј and 5Ј-CAG CTT TCT TGT ACA AAG TGG Tga gat atc cg-3Ј. The amplified fragment was digested with EcoRV and was cloned into the equivalent site of pRS423 GPD vector (2 HIS3; ATCC). The direction of ccdB gene was confirmed by DNA sequencing. The png-1 gene in pENTR vector was then cloned into the destination vector by the LR Clonase II reaction (Invitrogen) to generate pRS423 GPDNcPNG1-FLAG. pRS423 GPD -ScPNG1 was constructed in an analogous approach. Biochemical Assays-Soluble protein prepared from BL21 cells was subjected to PNGase assays as described previously (26) . N-Linked glycan binding ability was assayed as described previously (27) . Bacterial expression of His-tagged ScPng1 was described (6) , and NcPNG1 extracts were prepared by the same extraction method. Enzyme expression was quantified either by Western blotting with anti-His antibody or by Coomassie Brilliant Blue staining, using Multi Gauge version 2.2 software (Fujifilm, Tokyo, Japan). In vivo PNGase activity was assayed as described previously (28) . In brief, 10 8 yeast cells bearing pRS315 GPD -RTA and pRS423 GPD , pRS423 GPD -ScPNG1, or pRS423 GPD -NcPNG1-FLAG were harvested and incubated in 0.1 M NaOH at room temperature for 10 min. After centrifugation at 3000 ϫ g, the cell pellet was resuspended in 100 l of SDS sample buffer (62.5 mM Tris-HCl (pH 6.8), 5% ␤-mercaptoethanol, 2% SDS, 5% sucrose, 0.04% bromphenol blue) and boiled for 5 min. Cell debris was removed by centrifugation at 10,000 ϫ g. Equal amounts of each sample were analyzed by 15% SDS-PAGE and transferred to Biotrace TM polyvinylidene difluoride membranes (PALL Corp.). Ricin A chain (RTA) was detected using anti-ricin monoclonal antibody (CP75; Abcam) diluted 1:5000 in TBS-T (25 mM Tri-HCl (pH 8.0), 137 mM NaCl, 0.05% Tween 20, 2% skimmed milk) followed by horseradish peroxidase-conjugated anti-mouse secondary antibody diluted 1:5000 in TBS-T. Detection was carried out with the Immobilon TM Western blot chemiluminescent horseradish peroxidase substrate system in accordance with the manufacturer's instructions (Millipore). To confirm the expression of NcPNG1-FLAG, Western blotting of the extract was carried out using anti-FLAG M2 monoclonal antibody (M2; Sigma).
RESULTS

Neurospora PNG1 Is Required for Maintenance of Cell Wall
Integrity-Multiple alleles of png-1 were isolated in a large scale genetic screen for conditional mutants defective in hyphal morphogenesis (29) . We focused on png-1(9-1) and png-1(10-2) for a detailed analysis (Fig. 1A) . Germination and growth rate as well as hyphal morphology and branching frequency of both conditional mutants were similar to wild type at permissive conditions (25°C). Within 2 h of transferring them to 37°C, we observed cessation of tip extension. In contrast to the wild type apex, the tips of png-1(9-1) and png-1(10-2) started to lose polarity, generating balloon-shaped hyphal tips. Concomitant with this growth arrest was the induction of multiple subapical branches in the mutant hyphae that also stopped extension and started to swell apolarly. Transfer back to permissive conditions resulted in growing tips with normal growth rates, diameter, and morphology within 1 h. From one to multiple new tips were generated from each swollen tip, indicating that cell polarity determinants were lost from their apical location and had to be re-established. After prolonged incubation at restrictive temperature, these spherical tips burst, and hyphae lysed. Germination of conidia from both strains under restrictive conditions resulted in apolar and abnormal growth and lysis of large, swollen germlings.
A deletion strain of png-1 was available through the N. crassa Genome Project (30) . Its heterocaryotic nature already suggested an important function of NcPNG1. When we plated asexually derived multinucleate conidiospores on selective medium, we detected a mixture of normal growing germlings and isotropically growing spores (Fig. 1B) . Furthermore, we were unable to obtain viable hygromycin-resistant ascospores from wild type ϫ ⌬png-1::hph ϩ png-1 ϩ crosses. The majority of the hyg R ascospores did germinate in an apolar manner, indicating that NcPNG1 is required for polarity establishment in both types of spores. Rarely, we observed the formation of small hyg R colonies, which showed highly abnormal growth and a high rate of cell lysis. In summary, we conclude that NcPNG1 is an essential protein required for establishing and maintaining cellular polarity.
NcPNG1 and NcRAD23 Have Distinct Functions-The fungal cell wall and the actin cytoskeleton are key elements to determine cell polarity (31, 32) . In line with the observed defects characterized by loss of polarity and cell lysis, we observed hypersensitivity of the conditional strains to lysing enzymes, a general cell wall-degrading enzyme mix containing a mixture of protease, glucanase, and chitinase activities ( Fig. 2A) . Most notably, polar germination of png-1(9-1) was completely abolished, and only large apolar spheres were generated when conidia were grown under either permissive or semipermissive conditions (Fig. 2B) . No altered sensitivity of the png-1 strains to the ␤1,3-glucan synthase and chitin synthase inhibitors caspofungin and polyoxin D, respectively, was detected. Thus, NcPNG1 is not involved in the organization of the two major structural polysaccharide components of the fungal cell wall. Protein biosynthesis and proteasome function were monitored by growth on hygromycin B, nourseothricin, and MG-132 (data not shown and Fig. 2A ). All mutants displayed sensitivities similar to the wild type control, indicating a specific function of NcPNG1 in regulating cell wall integrity and not protein turnover.
Png1 has been shown to form a complex with Rad23 in yeast and mouse (5, 33) , which may facilitate the transfer of misfolded, glycosylated proteins to the proteasome. N. crassa ⌬rad-23 displayed wild type characteristics for all parameters tested (germination and growth rate, hyphal morphology, (a)sexual development) and behaved similar to wild type in all growth tests with the above mentioned inhibitors (Fig. 2A) . Because of the involvement of Rad23 in DNA repair (17), we compared the sensitivity of wild type, png-1, and ⌬rad-23 mutants against the DNA-damaging agents methyl methane sulfonate (MMS), camptothecin (CPT), or 4-nitrochinoline-N- -1(9-1) . C, assessment of in vivo PNGase activity of NcPNG1 co-expressed with the PNGase substrate RTA (non-toxic mutant (4)) in yeast. To maximize the detection of RTA, a proteasome mutant (TSY216; cim5-1 png1⌬ (28)) was used. The arrows indicate unmodified RTA (g0) or RTA modified with glycan (g1). The g0 form can be either deglycosylated or non-glycosylated RTA. The reduced stability of RTA as well as the dominant occurrence of g0 form indicates in vivo PNGase activity (lane 1), which is absent in png1⌬ (lane 2) and png1⌬-expressing NcPNG1 (lanes 3 and 4) . Expression of NcPNG1 was verified by anti-FLAG Western blot experiments (not shown). K, kilodalton.
oxide (4NQ) (Fig. 2C) . We observed a 15, 20, and 25% reduced viability of ⌬rad-23 against methyl methane sulfonate, camptothecin, and 4-nitrochinoline-N-oxide, respectively, when compared with wild type grown on sublethal concentrations of these drugs. No reduced viability was observed for both conditional png-1 strains. Based on these assays, NcRAD23 and NcPNG1 have distinct functions and are involved in DNA repair and in regulating cell wall integrity, respectively. We were not able to detect any involvement of PNG1 and RAD23 in protein turnover.
NcPNG1 and Other Fungal Orthologs Lack Residues Critical for Peptide:N-Glycanase Activity-To determine residues that are important for NcPNG1 function, we sequenced several conditional png-1 mutants. All mutations identified resulted in changes in well conserved residues within the core domain of PNG1 (Fig. 3A) . Among the mutations observed, Glu-239 (corresponding to Glu-222 in ScPng1) was previously reported to be important for the enzymatic activity of ScPng1 (34), suggesting that the mutant defects may be a result of impaired enzyme activity. However, two out of three residues that constitute the catalytic triad of the enzyme and are essential for PNGase activity in yeast and animals (8, 13, 18, 34) were not conserved in NcPNG1. Specifically, amino acids 208 and 235 (corresponding to ScPng1 Cys-191 and His-218) were substituted for Ala and Tyr, making it unlikely that PNG1 is an active enzyme in vivo. To confirm that the essential function of PNG1 is unrelated to protein deglycosylation, we complemented png-1(9-1) with wild type ScPng1 and ScPng1(C191A). Both yeast proteins, and NcPNG1 as control, complemented the growth defects of png-1(9-1) (Fig. 3B) , indicating that enzyme activity of PNG1 is not required for its morphogenetic function. In a second approach to support this surprising finding that NcPNG1 is not a functional enzyme, we utilized yeast png1⌬ cells expressing RTA as a known in vivo substrate of PNGase (4). NcPNG1 was expressed well in yeast, as judged by Western blotting analysis (data not shown). As shown in Fig. 3C , expression of NcPNG1 did not result in conversion of the glycosylated g1 form of RTA to the deglycosylated g0 form, providing additional support that NcPNG1 lacks deglycosylating activity in vivo.
Thus, we tested whether substitutions of the catalytic residues were enough to render NcPNG1 an active enzyme. However, PNGase activity was still absent in NcPNG1 carrying a functional catalytic triad (NcPNG1 (A208C,Y235H) ; Table 2 ). Thus, we performed an extensive mutagenesis analysis in which PNGase-active ScPng1 was mutagenized to residue(s) found at corresponding position(s) in NcPNG1 to determine additional residues required for PNGase activity. We identified amino acid Glu-193 of ScPng1 (equivalent to Asp-210 in NcPNG1); the N. crassa substitution abolished the activity of ScPng1(E210D) ( Table 2 ). In addition, double substitution of ScPng1 Ile-181 and Lys-182 to Trp and Gln (the corresponding N. crassa residues) also caused loss of enzyme activity (Table 2) , clearly indicating that other residues in addition to substitutions in catalytic triad are the cause for enzyme-inactive NcPNG1. These data confirm that the cellular importance of NcPNG1 is not dependent on deglycosylation activity.
NcPNG1 Is Unable to bind Man 8 GlcNAc 2 -ScPng1 exhibits high affinity toward glycans that contain an N,NЈ-diacetylchitobiose (chitobiose) structure (26, 34 -36) . Binding of ScPng1 to glycans such as iodoacetamide-Man 8 GlcNAc 2 can be monitored by its increase in molecular weight and can be detected by a shift in migration in SDS-PAGE (27) . The amino acids important for binding to chitobiose were conserved in NcPng1 (Fig. 3A) except for the catalytic His-235 and the probe-reacting Cys-208 (35) . Thus, we tested whether NcPNG1 was able to bind to carbohydrate probes after substituting the two critical residues (Fig. 4) . Wild type NcPNG1 as well as NcPNG1(Y235H) or NcPNG1(A208C) did not bind to the probe. When we introduced both mutations generating NcPNG1(A208C,Y235H), its carbohydrate binding property was partially regained, indicating that NcPNG1 has lost not only its PNGase activity but also the chitobiose binding property.
Interestingly, the catalytic Cys and His residues are not conserved in most filamentous fungal species (supplemental Fig. 1 ). For example, png-1 genes of most sequenced mold genomes have Cys to Ala/Val and His to Tyr substitutions in their catalytic centers. Moreover, the second CXXC motif that is required for zinc chelating and for PNGase activity (18, 34 -36) is also substituted in many mold PNGase orthologs.
DISCUSSION
Here, we describe the functional characterization of PNG1 in N. crassa, a highly conserved protein that was previously thought to be primarily involved in the degradation of misfolded glycosylated proteins. However, NcPNG1 is an essential protein required for establishing and maintaining cell polarity despite its lack of enzymatic activity and inability to bind N-linked glycans such as iodoacetamide-Man 8 GlcNAc 2 . This 
ScPng1
Wild type ϩϩϩ
ϩϩϩ
NcPNG1
Wild type ND A208C ND Y235H ND A208C,Y235H ND a Relative activity was calculated by quantifying the specific activity (PNGase activity per enzyme amount). The value of wild type ScPng1 was set to 100%; ϩϩϩ, Ͼ50%; ϩϩ, 10 -50%; ϩ, 1-10%. ND, not detected (Ͻ1%).
may be achieved by regulating the fungal cell (which may be considered as having analogous functions as the animal extracellular matrix) by a mechanism that does not affect the major structural polysaccharides ␤-glucan and chitin. It is interesting that most PNG1 relatives of the fungal kingdom lack residues required for enzymatic function, implying a so far unrecognized cellular function of PNG1 that is unrelated to protein deglycosylation. We propose that this is a conserved aspect of PNG1 in fungi and potentially also in higher eukaryotes. However, its non-enzymatic function may only become apparent in highly polar cells such as fungal hyphae or neuronal cells in animals.
The surprising finding of this study is that NcPNG1 is most likely not acting as PNGase in N. crassa and related fungi. This conclusion is based on the following experiments and observations. (a) The catalytic residues cysteine and histidine are substituted to alanine and tyrosine, respectively, in NcPNG1. These residues are essential for transglutaminase/ PNGase activity in all so far tested enzymes from various organisms (budding yeast, Caenorhabditis elegans, and mammalian cells) using a range of different substrates (heat-denatured ovalbumin, S-alkylated RNase B, fetuin-derived glycopeptides as in vitro substrates; non-toxic ricin A-chain and T cell receptor ␣ subunit as in vivo substrates) (8, 13, 34, 37, 38) . Moreover, the catalytic cysteine was found to be modified by the PNGase inhibitors Z-Vad-fmk and haloacetamidyl-oligosaccharides in yeast and mammalian PNGases (19, 27, 39) . These compounds were widely used as in vivo inhibitors for cytoplasmic PNGase (40 -42) . Also, structural analyses have identified this cysteine as the sole catalytic nucleophile required for the deglycosylation reaction (27, 35, 36) . (b) The lack of in vitro deglycosylation activity and carbohydrate binding property of NcPNG1 was determined by two independent assays. Using these assays, we have identified additional NcPNG1 residues that abolish in vitro PNGase activity when introduced into ScPNG1. Furthermore, NcPNG1 is inactive when expressed in the yeast context. (c) Most importantly, the N. crassa mutant can be complemented with an enzymatically inactive version of the S. cerevisiae protein in vivo, making the requirement of species-specific cofactors or interacting proteins unlikely. In summary, we believe that these data are convincing arguments that the in vivo importance of the PNGase ortholog in N. crassa is not related to its enzymatic activity.
Although the cytoplasmic deglycosylation activity performed by PNG1 is apparently missing in molds, a different PNGase activity has been observed in Aspergillus tubingensis (Ref. 43 corresponding to NCU04643 in N. crassa). Although the cellular function of this enzyme is still unstudied, its enzymatic properties (e.g. requirement of acidic pH for enzyme activity) as well as its character as N-glycosylated protein make it unlikely that this acidic PNGase can substitute the deglycosylation function of the cytoplasmic PNGase in the ERAD process.
The identified point mutations in our conditional mutants are substitutions in conserved residues that seem primarily involved in the stabilization of protein structure and thus do not allow functional conclusions without structural information for NcPNG1. Because residues involved in the Rad23-Png1 interaction in yeast and mammals are distinct, the identified mutations may affect species-specific interactions of this complex in N. crassa, but our current data argue against a connection between PNG1 and RAD23 in N. crassa. However, we found that ⌬rad-23;png-1(9-1) and ⌬rad-23;png-1(10-2) double mutants displayed weak synthetic growth defects (23 and 27% reduced growth, respectively), making some degree of overlapping functions of the two proteins possible.
In summary, the enzymatic properties of PNGase have been studied for many years in vitro, but most ERAD substrates susceptible for deglycosylation are efficiently degraded even in the absence of Png1 (6, 19, 20) . The essential nature and the presence of conditional mutants make N. crassa PNG1 a prime model for deciphering the non-enzymatic function of PNG1. We speculate that this PNG1 function may also exist in other highly polar cells such as neurons.
